Introduction 59
Genetic selection for mutations that confer resistance to the glucose analog 2-60 deoxyglucose (2DG) have been undertaken since the 1970s (1), and these studies have identified expressed as full-length proteins although the absolute level of Hxk2 protein accumulation showed some variation ( Fig 1B) .
we used a coupled in vitro enzyme assay system (17, 18) to measure the catalytic activity of each Hxk2 enzyme ( Fig 1C) . Catalytic activity was normalized to the amount of Hxk2 protein as 169 quantified by western blotting (Fig 1B) using the arbitrary units (au) shown. Extracts from cells 170 lacking any hexokinase and from cells expressing the D211A allele did not contain any detectable 171 hexokinase activity. All the mutant Hxk2 enzymes isolated in this study showed severely 172 compromised catalytic activity ranging from 3% to 0.3% of that observed in cells expressing wild 173 type Hxk2. The catalytic activity and the 2DG resistance phenotype show a very strong inverse 174 correlation. The mutant enzyme with the most catalytic activity (hxk2-wrf) confers the least 2DG 175 resistance, while the mutants with the least catalytic activity (hxk2-G55V and hxk2-D211A)
176
showed the highest levels of 2DG resistance. One curious observation about the three yeast 177 hexokinase isozymes (HXK1, HXK2 and GLK1) is that only deletion of HXK2 confers 2DG 178 resistance ( Fig S2) . This observation could be explained if the Hxk2 enzyme was the only one of 179 these isozymes capable of phosphorylating 2DG. We tested this in our in vitro assay and found 180 that both Hxk1 and Hxk2 were able to phosphorylate 2DG in vitro. In fact, the Hxk1 enzyme had 181 a higher affinity (lower Km) and higher Vmax for 2DG than the Hxk2 enzyme (Table 2 and Figs   182 S4 and S5). The Glk1 enzyme exhibited a much higher affinity (lower Km) for glucose than either 183 Hxk1 or Hxk2 but was not able to detectably phosphorylate 2DG in our in vitro assay ( Fig S6) .
184
We suspect that Glk1 is able to phosphorylate 2DG to some extent in vivo since introduction of 185 GLK1 to the triple hexokinase mutant confers sensitivity to 2DG when growing on glycerol/ethanol In order to assess the gene regulatory function of Hxk2, we measured invertase 193 expression in cells grown on high glucose. Previous studies have shown that invertase expression 194 is repressed in wild-type cells growing on high glucose but is significantly derepressed (induced) 195 when the HXK2 gene has been deleted or mutated (2, 19). We found that the cells containing the 196 lowest levels of Hxk2 catalytic activity (hxk2∆, hxk2-G55V and hxk2-D211A) had the greatest 197 derepression of invertase ( Fig 1D) . Surprisingly, some HXK2 alleles (hxk2-D417G, hxk2-R423T 198 and hxk2-wca) showed normal levels of invertase repression even though they were all severely 199 compromised for hexokinase catalytic activity ( Fig 1B) . The Hxk2-wrf enzyme has been reported 200 to lack gene regulatory activity (15) , as judged by the derepression of invertase. We have been 201 unable to reproduce that finding. Cells with the hxk2-wrf allele showed wild-type levels of invertase 202 repression in our assay ( Fig 1D) . We have sequenced the hxk2-wrf and confirmed that it contains 203 the deletion of residues 6-15 that are reported to cause a loss of regulatory function. Our results 204 are consistent with those reported from the Botstein lab showing that deletion of amino acids 1-205 15 in Hxk2 had little effect on invertase expression (17). Our results reported here and those 206 reported earlier (18) indicate that HXK2 mutations do not have a direct correlation between 207 catalytic activity and catabolite repression. In contrast and consistent with our earlier study (5),
208
we find that loss of catalytic activity of Hxk2 strongly correlates with 2DG resistance (Table 3) . two-hybrid analysis (25, 26). While we did notice some impairment in the interaction of Snf1 with 228 the Reg1-P231L mutant by the yeast two-hybrid assay ( Fig S3) , no significant effect on Snf1 229 dephosphorylation was detected by western blotting with antibodies specific for the The GLC7 gene encodes the catalytic subunit of the PP1 phosphatase and is essential 232 for viability (27) . To confirm that the GLC7-Q48K allele conferred 2DG resistance, we transformed 233 a diploid heterozygous strain (GLC7/glc7∆) with a low-copy plasmid encoding an HA-tagged 234 GLC7 with and without the Q48K mutation. After sporulation, we recovered viable haploid cells 235 with both plasmid encoded GLC7 genes and the chromosomal glc7∆::KAN allele. We assayed 236 both the wild type and the Q48K mutant strains and confirmed that the glc7-Q48K allele conferred 237 2DG resistance ( Fig 3A) . This mutation did weaken the yeast two-hybrid interaction with Reg1 238 ( Fig S3) , but had no discernible effect on the phosphorylation of Snf1 ( Fig 3B) . The glc7-Q48K 239 mutation had a large effect on the regulation of invertase activity ( Fig 3C) . In cells expressing wild 
244
The phosphorylation state of Mig1 is readily discernable, since phosphorylation of Mig1 causes 245 significant reduction in gel mobility that was reversed by phosphatase treatment (28). We tested In our screen for 2DG-resistant mutations, we characterized 28 mutations. Twenty-seven
255
were recessive mutations and one was dominant. When we sequenced the genome containing 12 responsible for 2DG resistance (Table 2) . This allele of SNF1 has been isolated previously as a 258 dominant mutation that improves Snf1 kinase function in the absence of its gamma subunit, Snf4 259 (14) . To confirm that the SNF1-G53R mutation conferred 2DG resistance, snf1∆ cells were 260 transformed with plasmids expressing wild type SNF1 with a triple HA tag at the C-terminus (20),
261
the SNF1-G53R allele, or empty vector. As we have previously shown, cells lacking a SNF1 gene 262 (snf1∆) are hypersensitive to 2DG (5). Cells with the SNF1-G53R were resistant to 2DG relative 263 to wild-type cells ( Fig 4A) , consistent with the idea that SNF1-G53R is a hyperactive SNF1 allele.
264
The phosphorylation status of the Snf1 kinase activation loop is a good proxy for 265 determining Snf1 kinase activity (20). We next examined whether the G53R substitution affected 266 the phosphorylation status of the Snf1 activation loop using antibodies specific for Snf1 267 phosphorylated on threonine 210. The Snf1 kinase with the G53R substitution showed normal 268 basal levels of threonine 210 phosphorylation in cultures grown in high glucose and somewhat 269 higher levels after cultures were shifted to low glucose ( Fig 4B) . However, when we analyzed the 270 effect of this mutation on gene expression, we found that invertase expression was not 271 significantly affected by this mutation (Fig 4C) . A similar result with the SNF1-G53R allele was 272 reported previously (14) . A known substrate of the Snf1 kinase is the transcriptional repressor In our earlier study of the mechanism of 2DG toxicity, we found that 2DG promoted the 279 endocytosis of the high-capacity glucose transporters Hxt1 and Hxt3 (7). The endocytosis of these 280 glucose transporters was dependent on the arrestins Rod1 and Rog3 and was regulated by the 281 Snf1 kinase. The wild-type, 2DG-sensitive yeast strain (MSY1333; Table 4 ) that we used to select 282 new spontaneous mutations contained an integrated copy of HXT3-GFP gene allowing us to track 13 the localization of this glucose transporter by fluorescence microscopy. We measured the 284 localization of Hxt3-GFP in our wild-type strain either grown in glucose or 2 hours after exposure plotting the ratio of the fluorescence intensity at the plasma membrane relative to that of the 288 vacuole ( Fig 5B) . When we analyzed Hxt3-GFP fluorescence in cells containing 2DG-resistant 289 mutations, we found a significant increase in the plasma membrane localization of Hxt3-GFP for 290 the cells expressing Hxk2-D417G, Hxk2-R423T, Snf1-G53R, Glc7-Q48K and Reg1-P231L.
291
Curiously, the cells expressing Hxk2-G55V did not show any significant retention of Hxt3-GFP at 
299
Transcriptional response to acute carbon source stress
300
In order to better understand the cell's transcriptional response to carbon source stress,
301
we measured the abundance of mRNAs in cells using RNAseq. Total RNA was harvested from 302 wild-type cells growing in synthetic complete media with 2% glucose as the carbon source or from 303 cells shifted for two hours to either low glucose (0.05% glucose) or 2% glucose plus 0.1% 2DG.
304
RNA samples were prepared from at least four independent cultures and at least fifty million reads 305 were mapped for each sample. Abundance of each mRNA was determined using kallisto software
306
(29) and is expressed as transcripts per million mapped reads (tpm). We plotted the mean the change in expression and the relative abundance of an mRNA. One immediate transcriptional 310 response of cells undergoing carbon source stress was the reduction in the abundance of conferred an advantage to cells compared to the snf1∆ on both media. Finally, we compared the cells challenged with 2DG, but it came with a detectable fitness cost when cells are grown on 365 glucose. In summary, the relative fitness of the 2DG-resistant alleles could explain why missense 366 alleles were recovered in the REG1, SNF1 and GLC7 genes but could not explain why we did not 367 recover any nonsense alleles in HXK2.
369
Contribution of the Dog2 phosphatase to the 2DG-resistant phenotypes.
370
Overexpression of the DeOxyGlucose (DOG) phosphatases 1 and 2 confers resistance to 371 2DG (10, 12). We sought to determine what role these phosphatases played in the 2DG 372 resistance caused by the mutations identified in this study. First, we examined the mRNA levels 373 of the DOG1 and DOG2 genes using RNAseq. We found that under basal conditions of growth to 374 mid-log phase in synthetic complete media with high glucose, DOG2 mRNA is expressed at 375 higher levels than DOG1 mRNA ( Fig 7A) . Upon shifting cells to low-glucose media for two hours,
376
conditions that activate the Snf1 kinase, we found a significant reduction in mRNA abundance for 377 both DOG mRNAs. More germane to this study, both DOG gene mRNAs showed marked 378 increases following a two hour exposure to 2DG. We also examined the abundance of the DOG 379 mRNAs in wild type compared to reg1∆ and hxk2∆ cells. Both deletions confer 2DG resistance,
380
and both lead to a significant increase in DOG2 but not DOG1 mRNA abundance ( Fig 7B) .
381
Increased expression of the DOG2 mRNA observed in the reg1∆ cells was dependent on the Snf1 382 kinase, since the increase was not observed in the double reg1∆ snf1∆ cells. These findings 383 suggested that the underlying mechanism of 2DG resistance was due to increased expression of 384 the Dog2 phosphatase. We tested this idea by measuring 2DG resistance in strains that lacked 385 the REG1 or HXK2 genes with or without a deletion covering both the DOG1 and DOG2 genes.
create the double DOG deletion (dog1/2∆). As shown previously (5), deletion of REG1 confers the dog1/2∆ strain, the cells were more resistant to 2DG. Thus, deletion of REG1 was able to 391 confer some 2DG resistance independently of the DOG1 and DOG2 genes. An alternative view 392 of this experiment is to note that deletion of the DOG1 and DOG2 genes reduced the 2DG 393 resistance of the reg1∆ strain. The DOG phosphatases must contribute to some of the 2DG 394 resistance observed in the reg1∆ strain. A similar analysis was performed with cells lacking the 395 HXK2 gene ( Fig 7D) . Deletion of the HXK2 gene conferred robust 2DG resistance and further 396 deletion of the DOG1 and DOG2 genes only slightly reduced that resistance. Therefore, the DOG 397 phosphatases play a smaller role in the resistance conferred by deletion of HXK2. These data 398 suggest that deletion of the REG1 and HXK2 genes may confer 2DG resistance by distinct 399 mechanisms and while the DOG phosphatases contribute to some degree to these phenotypes,
400
there must be DOG-independent mechanisms as well.
402
Genetic requirements for 2DG resistance conferred by the SNF1-G53R allele.
403
In our screen for 2DG-resistant mutants, we uncovered a single dominant allele, SNF1-404 G53R. We took advantage of the dominant inheritance of the 2DG resistance phenotype to test 405 the genetic requirements for 2DG resistance. Our data suggest multiple mechanisms for 2DG 406 resistance act in parallel to confer resistance. Regulation of arrestin-mediated endocytosis of the 407 hexose transporters plays an important role, since deletion of ROD1 and ROG3 confers 408 resistance to 2DG (7). Yet the Snf1-G53R kinase conferred additional resistance in the rod1∆ 409 rog3∆ cells (Fig 8) , proving that Rod1-and Rog3-independent mechanisms are also operative. In 410 a similar vein, the DOG phosphatases play an important role in 2DG resistance, since deletion of 411 those genes makes cells more sensitive to 2DG (Figs 7 and 8) . Nonetheless, the Snf1-G53R mediate 2DG resistance via a mechanism that is independent of the DOG phosphatases. We next 414 made strains with deletions in multiple pathways (Rod1 and Rog3 arrestins, Dog phosphatases 415 and Hxk2) to see if we could generate a strain in which the Snf1-G53R kinase could no longer 416 confer resistance. In all combinations of deletions, the Snf1-G53R kinase was able to confer a 417 small but statistically significant level of resistance (Fig 8) . Thus, it seems likely that at least one 418 additional Snf1-regulated pathway for 2DG resistance remains to be identified.
420
Discussion 421
The use of 2DG and other metabolic inhibitors as potential cancer therapeutics makes it 422 important to have a deep understanding of their mechanisms of action and the means by which 423 cells acquire resistance. This latter concern is particularly critical for consideration in combinatorial 424 clinical approaches that will block multiple metabolic pathways to more potently inhibit cancer cell 425 progression. In this study, we avoided the use of alternative carbon sources and selected for 2DG 426 resistance in cells growing on glucose as the carbon source, since this would be a growth 427 condition that more closely mimics the plasma glucose used by human tumors. We isolated 428 numerous resistant strains that were in either the hexokinase 2 gene or in genes controlling the 429 Snf1 kinase signaling pathway (SNF1, REG1, and GLC7).
430
Yeast express three hexokinase enzymes named Hxk1, Hxk2 and Glk1. All three can 431 phosphorylate glucose, and deletion of all three is needed to significantly block glucose 432 fermentation ( Fig S2A) . The unanswered puzzle is why HXK2 mutations are the only hexokinase 433 mutants that confer resistance to 2DG. We can infer that 2-deoxyglucose-6-phosphate (2DG-6P) 434 is the toxic compound, since cells lacking all three hexokinase genes are completely resistant to 435 2DG ( Fig S2B) . Both Hxk1 and Hxk2 enzymes can phosphorylate 2DG in vitro (Fig S4 and S5) , 436 yet only mutations in HXK2 confer 2DG resistance. While Hxk2 has been described as having 437 both catalytic and gene regulatory activity, we found that our HXK2 mutants all displayed significant loss of catalytic activity ( Fig 1C) . In contrast, some alleles showed defects in repression Snf1-L183I and Snf1-G53R were isolated in similar screens and both confer resistance to 2DG
Selection of spontaneous 2DG-resistant mutants.

510
Spontaneous mutations that conferred 2DG resistance were selected in the haploid strain 511 MSY1333 (Table 1) . Approximately 2x10 7 cells were spread on agar plates containing synthetic 512 complete media with 2% glucose (g/100ml) and 0.1% 2-deoxyglucose. Plates were incubated at 513 30°C for 4-6 days, and colonies were isolated for further study. 
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Quantitation of the western signals is shown in the bar graphs above the blot images.
antibodies that detect total Snf1 protein or Snf1 protein phosphorylated on threonine 210.
823
Quantitation of the western signals is shown in the bar graphs above the blot images. C. Invertase with the mean value for wild-type cells indicated as a solid reference line across the graph. The 835 mean value for cells treated with 2DG is marked with a blue bar with the mean value for wild-type 836 cells treated with 2DG is indicated with a hashed line as a reference value across the graph.
837
Fluorescence values statistically different from wild type, where all untreated cells are compared 838 to untreated WT and all 2DG-treated cells are compared to the 2DG-treated WT control. 
